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ABSTRACT

We present first INTEGRAL and XMM-Newton observations of a Seyfert galaxy, the type
2 AGN NGC 4388. Several INTEGRAL observations performed in 2003 allow us to study the
spectrum in the 20 - 300 keV range. In addition two XMM-Newton observations give detailed
insight into the 0.2 - 10 keV emission. Comparison with previous observations by BeppoSAX,
SIGMA and CGRO/OSSE show that the overall spectrum for soft X-rays up to the gamma-rays
can be described by a highly absorbed (Ng =~ 2.7 x 10?2 cm~2) and variable non-thermal com-
ponent in addition to constant non-absorbed thermal emission (7" ~ 0.8 keV) of low abundance
(Z ~ 5%Zg), plus a constant Fe Ko line. The hard X-ray component is well described by a
simple power law with a mean photon index of I' = 1.7. During the INTEGRAL observations
the flux at 100 keV increased by a factor of 1.5. The analysis of XMM-Newton data implies that
the emission below 3 keV is decoupled from the AGN and probably due to extended emission as
seen in Chandra observations. The constant iron line emission is apparently also decoupled from
the direct emission of the central engine and likely to be generated in the obscuring material, e.g.
in the molecular torus.

Subject headings: galaxies: active - galaxies: individual (NGC 4388) - gamma rays: observations - X-rays:
galaxies
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Seyfert 2 galaxies are among the faintest Ac-
tive Galactic Nuclei (AGN) seen in the Universe.
This is believed to be due to a geometrical ef-
fect. The emission of the super massive black
hole at the AGN core is probably absorbed by
a surrounding torus. The torus not only hides




the broad line region, causing the characteristic
Seyfert 2 optical spectra with narrow emission
lines, but also absorbs most of the low X-ray emis-
sion. As the soft X-ray region is very sensitive to
absorption in the line of sight, the study of the
hard X-ray emission above ~ 3keV is a power-
ful tool to investigate the central engine of Seyfert
2 (Ghisellini, Haardt & Matt 1994). In addition
to this the variation of the Fe Ka line seems to
vary differently with respect to the continuum in
several cases (Iwasawa et al. 2003; Fabian 1977;
Malzac & Petrucci 2002), which might be caused
by the interaction of the core emission with the
absorbing and reflecting material.

At higher energies absorption becomes less
important revealing the emission from the close
environment of the central black hole. Comp-
tonized hard X-ray radiation from a hot (~
100keV) plasma presumably forming an ac-
cretion disk corona (Haardtet al. 1994), and
Compton reflection of these hard X-rays on
a cool accretion disk (George & Fabian 1991;
Magdziarz & Zdziarski 1995). In Seyfert 2 galax-
ies, reflection of the central radiation on the molec-
ular torus often leads to an additional, possi-
bly dominant, reflection component {(Ghisellini,
Haardt & Matt 1994).

NGC 4388 (z = 0.00842; Phillips & Ma-
lin 1982) is a good probe to test these sce-
narios, as it is one of the brightest Seyfert 2
galaxies at hard X-rays. The energy range up
to ~ 10keV has been studied with X-ray mis-
sions like ROSAT (Antonelli et al. 1997), ASCA
(Iwasawa et al. 1997, Forster et al. 1999), Bep-
poSAX (Risaliti 2002), and lately with Chan-
dra (Iwasawa et al. 2003). Spectral studies of
NGC 4388 of the hardest X-ray energies up to
several hundreds of keV have been performed
by SIGMA (Paul et al. 1991), by the OSSE ex-
periment (Johnson et al. 1993) on the Comp-
ton Gamma Ray Observatory (CGRO; Gehrels
et al. 1993), and up to ~ 150keV by the
Phoswich Detector System (PDS; Frontera et al.
1997) on-board BeppoSAX (Butler & Scarsi 1990;
Boella et al. 1997a). The two BeppoSAX in 1999
and 2000 showed a high energy spectrum with a
power law of I' = 1.6 and 1.5, respectively. Due to
the energy range covered by the PDS it was only
possible to give a lower limit for a possible high
energy cut-off (E¢c > 109keV). The INTEGRAL

mission (Winkler et al. 2003), launched in Octo-
ber 2002, offers the unique opportunity to study
the entire spectrum from 3 keV up to several MeV
simultaneously. NGC 4388 was the first Seyfert 2
galaxy detected by INTEGRAL in January 2003.
In this paper we present data from several INTE-
GRAL observations and compare the results with
previous SIGMA, OSSE, and BeppoSAX measure-
ments. The data also allow us to study spectral
variations between the 2003 observations. In ad-
dition XMM-Newton data are presented to study
the connection with soft X-rays.

2. Simultaneous X-ray and gamma-ray ob-
servations

NGC 4388 was detected by INTEGRAL in the

course of the 3C273 observation (Courvoisier et al. 2003a).

Though NGC 4388 lies 10.4 degrees north of the
quasar 3C273, valuable data for the Seyfert 2
galaxy were obtained due to the large field of view
(FOV) of IBIS (19° x 19°, partially coded FOV)
and SPI (35° x 35°, partially coded FOV), and be-
cause of the dithering observation strategy which
is optimized for the spectrometer in order to allow
a proper background determination. Observations
were performed during seven INTEGRAL revolu-
tions in January, June and July 2003 (Tab. 1). The
total amount of exposure time is 512 ksec with 274
ksec and 238 ksec in the January and June/July
campaign, respectively. Most of the observations
were carried out in a dithering mode. 36 ksec of
observation were carried out in staring mode, and
are therefore only partly useful for SPI analysis,
but they allow a more precise flux extraction from
the ISGRI data. Due to the smaller FOV of the
two X-ray monitors (JEM-X) and of the optical
monitor (OMC) on-board INTEGRAL, NGC 4388
has not been observed by those instruments. We
will discuss the INTEGRAL data mainly in terms
of the two observation campaigns in January 2003
(JANO03) and June/July 2003 (JUNO3).

2.1. IBIS

Version 3.0 of ISDC’s {Courvoisier et al. 2003b)
Offline Science Analysis (OSA) software has been
partly used for analysing the data. Due to known
problems in this software version, an alternative
approach has been used when extracting spectra
from the ISGRI data. The main difference is that




we combined the data of different pointings first
before extracting fluxes in several energy bands.

NGC 4388 was too faint to be seen by IBIS/PICsIT.

Summing all available IBIS/ISGRI data together
shows that NGC 4388 is detected up to 200 keV,
though the data above 150 keV are consistent with
zero flux on a 1o level. A fit to a single power law
gives a photon index of I' = 1.70 i’g:gi and a flux
of 7.8+ 0.5 mCrab in the 20 - 40 keV energy band.
Analysing the data according to the JANO3 and
JUNO3 campaign shows that the source was in a
lower flux state in January 2003 with a similar
spectral slope, while the June spectrum is steeper
(T =2.06*0:2%) but has a higher flux. Note how-
ever that the spectral shape is still consistent with
the I' = 1.7 model on a 20 level. For details see
Table 2.

2.2. SPI

In order to reduce the noise in the data reduc-
tion process of the SPI data, only those pointings
were considered where NGC 4388 was less than 15
degrees off axis. This decreases the total amount
of usable pointings to 122 with an exposure time
of 178 ksec in JANO3 and 134 ksec in JUNO3. OSA
3.0 has been applied, except for some updates. In
the binning of the data SPIHIST 3.1.2 was used
in order to avoid a known problem with the ear-
lier version. In the case of the image reconstruc-
tion program SPIROS (Skinner & Connell 2003),
we used the more recent version 6.0, and also a
response function which takes into account the re-
sults from the in-flight calibration on the Crab.
For details of the SPI analysis procedures see Diehl
et al. (2003). The SPI spectrum for the combined
data of JANO3 and JUNO3 is well described by a
single power law with photon index I' = 1.68 fg:;g
and a flux of 9 + 2.6 mCrab in the 20 — 40keV
energy band, which is consistent with the ISGRI
results. Analysing the JANO3 and JUNO3 sub-
set it turned out that the source strength is not
sufficient for SPI to achieve a reasonable signal-
to-noise for a spectrum. The results are shown in
Table 2. The trend in the spectral evolution is op-
posite to the one detected in the ISGRI data, but
the large error bars on the SPI results should be
taken into account.

2.3. RXTE

The All Sky Monitor (ASM) on board the Rossi
X-ray Timing Explorer (RXTE) scans about 80%
of the sky every orbit. This offers an unique way
to monitor the emission of bright X-ray sources
like NGC 4388 in the 1.5 — 12keV energy range.
We extracted fluxes from the RXTE/ASM data
base. The fluxes have been averaged over the
same time periods as the JANO3 and JUNO3 IN-
TEGRAL observations in order to have compara-
ble results. The weighted mean of the JAN03 data
was 3.5+ 1.2 mCrab, while during the JUNO3 cam-
paign the flux was 2.2 + 1.9mCrab. Due to low
statistics the analysis in the three different ASM
bands did not give further information about th
flux variability. :

3. XMM-Newton observations

Two observations with XMM-Newton (Jansen et al. 2001)

were performed in July and December 2002 as de-
scribed in Table 3. Concerning the connection
between the soft and hard X-ray emission, the
most interesting data for our study come from
the two MOS cameras (Turner et al. 2001) and
from the PN detector (Striider et al. 2001), as
they cover the energy range 0.2 — 10keV. The
data have been reduced using the XMM-Newton
Science Analysis Software version 5.4.1 and the
model fitting using XSPEC 11.3 was done simul-
taneously for the PN and MOS data. Both obser-
vations are well represented by a Raymond-Smith
model (Raymond & Smith 1977) at energies be-
low ~ 2.5 keV with low abundance (4% solar) and
a temperature of about 0.8keV, applying only
Galactic absorption (2.7 x 10%° cm~2). At harder
X-rays, the spectrum is dominated by an absorbed
power law. The column density of the warm ab-
sorber is 2.8 x 10%3 cm~2. The power-law index is
not well constrained by the XMM-Newton data,
so the photon index of I" = 1.7 measured at hard
X-rays, has been applied. In addition, a gaussian
line at 6.39fg:g} keV is apparent in both obser-
vations. Details of the fit are listed in Table 4.
This is consistent with a recent measurement by
Chandra, which showed an Fe line of centroid in
6.36 i’g:gg keV (Iwasawa et al. 2003). The varia-
tion between the July and December data occurs
mainly in the high energy part. This is clearly
seen when comparing the December data with the



els (Petrucci et al. 2001). On the other hand the
absence of a cut-off would be in agreement with
Deluit & Courvoisier (2003), who find a cut-off in
the BeppoSAX/PDS spectra of Seyfert 1, but not
in Seyfert 2. The XMM-Newton data show vari-
ability only in the energy region above ~ 2.5keV.
This variability cannot be explained by a change
in the absorption column density. But using the
same model parameters of the July observation
(Tab. 4) for the December 2002 data and allowing
the normalization of the single power-law to vary,
shows that a flux increase by a factor of 3.4 is suf-
ficient to model the December data (x2 = 1.1;
Fig. 1). The spectral shape of the power law,
which describes the hard X-rays, the Fe Ka line
strength, and the soft X-ray component does not
seem to vary.

The observed spectrum can be compared to the
one derived by Ghisellini, Haardt, & Matt (1994)
based on Monte-Carlo simulations for a Seyfert
galaxy with inclination ¢ = 60° — 63°, column
density of 1024 cm~? and a torus with half-opening
angle of © = 30°. Based on these assumptions,
an equivalent width of the iron fluorescence line
of the order of EW ~ 100eV would be expected,
which would also mean a parallel evolution of
the line flux with respect to the continuum. But
the Fe Ka does not show variability, while the
underlying continuum varies by a factor of ~ 4
in the line region (see Fig. 5). The line flux of
(6.7+1.2)phcm—2s7! and (7.8+1.4) phcm=2s7!
for the July and December measurement is also
consistent with the one measured by Chandra
((9.3 £ 1.9)phcm~2s7!) (Iwasawa et al. 2003).
The equivalent width therefore varied strongly
(EW = 190 ~ 720eV). This implies that the line
emitting region is separated from the continuum
source of the object, probably being even more
remote than the molecular torus. However, the
iron line can still include contribution from the
torus, but the variability expected to be seen in
this line component is outshined by the stronger,
constant component.

Another difference of the spectrum observed
here to the simulated one by Ghisellini, Haardst,
& Matt (1994) is the fact that the spectrum of
NGC 4388 does not seem to have a cut-off in the
hard X-rays. This could be caused by a higher
temperature of the corona (3> 100keV') in the case
of NGC 4388. A reflection component is not de-

tectable in the X-rays, which might be a hint for
a non isotropic radiation or, generally speaking, a
more complex geometry (see e.g. George & Fabian
1991). Apparently there is no scattering of the
hard X-rays away from the line of sight. This in-
dicates that in the case of NGC 4388 we indeed
observe the unscattered emission of the central en-
gine at hard X-rays. Also no decline due to Klein-
Nishina processes appears above 50keV.

The constant soft X-ray emission is most likely
not linked to the AGN. This is also supported
by the fact, that this emission is extended, as
has been reported from ROSAT/HRI measure-
ments (Matt et al. 1994) and lately from Chan-
dra (Iwasawa et al. 2003). The low abundance in
the extended emission has been seen already in
the ASCA observations, though with much larger
uncertainties (Z = 0.051’8:3‘; Zo; Twasawa et al.
1997). Iwasawa et al. (2003) argue that the ex-
tended emission at low energies is more likely to
origin from photoionized plasma. Even though it
is not possible, based on the XMM-Newton data
presented here alone, to give a preference to a ther-
mal or photoionized plasma, the latter one has the
advantage of avoiding the low abundance in the
vicinity (within several kpc) of the AGN core. The
Chandra data also allowed a space resolved study
at soft X-rays, which was not possible with XMM.
We therefore refer to the more simple model, ap-
plied to the data presented here, which gives suf-
ficient good fit results.

The INTEGRAL/ISGRI measurements indi-
cate that a lower flux in the soft gamma-ray region
is accompanied by a harder spectrum, but the er-
rors on the spectral slope measurement are too
large to be statistically significant. Since the SPI
data at the same time show the contrary spectral
evolution, it is likely that the spectral slope did
not change and that there is only a change in flux
(20 — 200keV) by a factor of ~ 2.

This variation is not seen in the RXTE data
but the results are still consistent with the ASM
values, as the error bars are large.

6. Conclusion

The complex X-ray spectrum of NGC 4388 is
composed out of three major components:

e Hot plasma component: Emission be-
low ~ 2.5keV is dominated by emission of



a hot (107 °K), optically thin plasma with
low abundance (about 4 % solar). This com-
ponent does not seem to be variable. In
ROSAT/HRI and Chandra observations this
emission appeared to be an extended X-ray
nebula out to several kpc from the AGN.
Chandra observations imply that this com-
ponent might be due to photoionized gas.

e Hard X-ray emission: Emission above
~ 2.5keV follows a highly absorbed (Ng ~
2.8 x 10?® cm™?) power law with photon in-
dex I' = 1.7. While the flux of this compo-
nent varied by a factor ~ 4 over the past ten
years, the spectral shape has been constant
within the error bars. No reflection compo-
nent or cut-off is detectable in the data so
far. ’ :

e Iron line emission: The Fe Ka fluores-
cence line at 6.39keV, consistent with the
redshift of the AGN, has a constant flux of
~ 7.5phcm~2s7!. No line broadening is
seen.

The INTEGRAL data do not allow to constrain:

the model on the high energy emission, i.e. there
is no sign of a Compton reflection component or a
cutoff at higher energies.

Following the observations reported here, NGC
4388 was studied in a dedicated INTEGRAL ob-
servation, which was performed in staring mode in
July 2003. Though staring mode observations usu-
ally do not produce useful SPI spectra for sources
as faint as NGC 4388, the combination of ISGRI
and JEM-X data might show in more detail the
connection between the hard and soft X-rays, as
seen in this work from simultaneous INTEGRAL
and RXTFE data. Another 500 ksec observation
of 3C273 in AO-2 might give further insights into
the cut-off of the NGC 4388 spectrum at high ener-
gies, e.g. when combined with the already existing
data.

This research has made use of the NASA/IPAC
Extragalactic Database (NED) which is operated
by the Jet Propulsion Laboratory.
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NGC 4388 XMM-Newton spectrum
Decemnber 2002 doto versus July 2002 model
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Fig. 1.— Comparison of XMM-Newton MOS data
from December 2002 with respect tothe model for
the July 2002 EPIC/MOS data.
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Fig. 2.-— Lightcurve for NGC 4388 at 60 keV (up-
per solid line) and at 100 keV (lower dashed line).
Data taken from SIGMA (circle), OSSE (pen-
tagon), BeppoSAX/PDS (hexagon), SPI (square),
and ISGRI (triangle).




model for the July data (Fig. 1). While there are
little or no changes below ~ 2.5keV, the spec-
trum varied significantly at higher energies. The
iron fluorescence line at 6.39 keV was not affected
by the variations. In both spectra there was no
sign of a further line at 6.9keV or at 7.1keV, as
reported from Chandra data by Iwasawa et al
(2003).

4. X-ray to Gamma-ray spectrum

The INTEGRAL data alone do not allow us to
reconstruct the complete X-ray spectrum of NGC
4388, mainly because the statistics of the ISGRI
and SPI data do not constrain existing models.

Comparison with former observations by SIGMA
(Lebrun et al. 1992), OSSE (Johnson et al. 1994),
and BeppoSAX/PDS (Risaliti 2002) show a simi-
lar spectrum at hardest X-rays as observed with
INTEGRAL. Measurements by BATSE gave a

flux of fag—100kev = (2.6£1.5) x1073 photonscm 2571,

compared with an INTEGRAL value of (2.7 &
0.3) x 1073 photons cm ~?s~!. This indicates that
the soft gamma-ray spectrum does not vary dra-
matically as shown in the lightcurves for the 60
keV and 100 keV flux in Fig. 2. The flux measure-
ments are consistent on a 20 level and the spectral
shape is conserved during the 13 years of various
observations.

In order to extend the spectrum into the en-
ergy range below 20 keV we added the two XMM-
Newton EPIC data sets, described in the previous
section.

The data were fit simultaneously in XSPEC
11.3 applying the same model as for the XMM
data alone: a Raymond-Smith model for a hot
plasma with Galactic absorption, an absorbed
power law, plus a Gaussian emission line. Fig-
ure 3 shows the combined spectrum of NGC
4388. The fit, which allowed for flux variations
between the various non-simultaneous observa-
tions (see Sect. 5), gave a x2 = 1.41 for 1431
degrees of freedom. The normalization factors
are in the range 2.5 to 4.2 relative to the XMM-
Newton July 2002 data. The power law, domi-
nating the emission above ~ 2.5keV, has a pho-

ton index of I' = 1.65 fg:gi and an absorption of

Ny =2.737007 % 1028 cm=2.

Using a more complicate model with a cut-off
power law plus reflection from cold material (the

so-called PEXRAV model; Magdziarz & Zdziarski
1995) instead of the simple power law, does not im-
prove the fit significantly. Applying a single-power
law plus an unresolved set of lines, represented by
a broad Gaussian line around 1 keV, instead of the
Raymond-Smith component does not give accept-
able fit results (x2 > 2.0). '

Using only the high energy (> 20keV) data
gives a single power law with ' = 1.7270°0% with
x2 = 1.5 (Fig. 4). Also in this energy region alone
the more complex PEXRAV model does not give
a significantly better fit. Statistics do not allow us
to distinguish between a single power law and a
PEXRAYV model. The differences are smaller than
the 1o error bars of the spectra as seen in Fig. 4
and Fig. 3.

5. Discussion

The combination of the INTEGRAL data with
previous observations by XMM-Newton, Bep-
poSAX, CGRO, and SIGMA shows that the spec-
trum from 0.2 keV up to several hundred keV
is well represented by a thermal Raymond-Smith
model with only Galactic absorption applied, plus
a highly absorbed (Ny =~ 2.8 x 102 cm™?2)
power law like emission (I' = 1.7), and a Gaus-
sian line to model the iron fluorescence line at
6.39keV. The results are consistent with previous
studies of NGC 4388 using subsets of these data
(Risaliti 2002; Lebrun et al. 1992). Also obser-
vations with Chandre (Iwasawa et al. 2003) and
ASCA (Iwasawa et al. 1997; Forster et al. 1999)
show a similar spectral behavior.

The fact that the data of the different missions
give an acceptable fit using the same normaliza-
tion is based on the fact that the error bars in
the high energy domain are still rather large. But
the good correspondence between the ISGRI and
SPI data leads to the assumption that the INTE-
GRAL calibration is reasonable and that normal-
ization problems as reported e.g. in Courvoisier
et al. (2003) are solved, although the large error
bars on the high energy flux measurements (Fig. 2)
still leave open the possibility of some errors in the
calibration.

The spectral data of NGC 4388 do not drop
drastically above 200 keV, but are not of high
enough significance to distinguish whether there is
a cut-off, as expected from Comptonisation mod-




Table 1: INTEGRAL observations

obs. date INTEGRAL SPI number of observation
start revolution  exp. time [sec]  pointings mode
05/01/03 28 80520 39 5x5
11/01/03 30 10558 2 staring
17/01/03 32 182643 43 5x5
16/06/03 82 20000 1 staring
06/07/03 89 152950 47 5% 5
09/07/03 90 59989 17 5x5
18/07/03 93 5283 2 staring
Table 2: Fit results for a single-power law model '
Observation Photon F% F% Fg X (dof)
Index 20-40 keV  40-100 keV  100-200 keV
Jan.03 /ISGRI 169 7007 42£09  7.2+3.1 70+£59 063 (5)
Jan.03 / SPI 1.56 1%  97+36 170478 199462  0.78(2)
Jun.03 / ISGRI  2.06 7022 112+14 141+31 101488  1.00(7)
Jun.03 / SPI 1.36 705, 49+13 22687 309%11.0 0.52(5)
summed / ISGRI 1.70 ¥000  7.0+04 11.7+14 11.3+33 1.69 (14)
summed / SPI 168 7050 77£21 122448 126477 130 (4)
¢ un-absorbed flux in 10! ergecm™=2 57!
Table 3: XMM-Newton observations
obs. date MOS-1 MOS-2 PN
start exp. time [sec] exp. time [sec] exp. time [sec]
07/07/02 9850 9937 4540
12/12/02 11667 11667 8291
Table 4: Fit results for the XMM-Newton EPIC data
Observation  T[kT]  abundance Ny fre—tine EW o x2(dof)
[1022cm™2] [1075phem~%s7!] [eV]  [eV]
July 2002 0.83700" 0.0570707 2497077 6.7+1.2 552 67416 1.04 (559)
Dec. 2002 0.81%00°  0.04%00  2.84%00° 7.8+ 1.4 205 67+12 1.31(893)




NGC 4388 combined spectrum
XMM-Newton PN/MOS, BeppoSAX/PDS, INTEGRAL SPI/ISGRI, OSSE, ong SIGMA
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Fig. 3.— NGC 4388 combined spectrum (E?fg
vs. F), including XMM-Newton EPIC MOS/PN,
BeppoSAX PDS, CGRO OSSE, SIGMA, and IN-
TEGRAL ISGRI/SPI. The high energies are dom-
inated by the highly absorbed reflection compo-
nent plus the iron fluorescence line, while the lower
energies show emission characteristic for a hot
plasma with low abundance. XMM data from July
2002 are not.shown in this plot for better visibility.

NGC 43B8 high energy spectrum
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Fig. 4~ NGC 4388 combined high energy
spectrum, including BeppoSAX PDS, CGRO
OSSE, SIGMA, and INTEGRAL ISGRI/SPIL
The spectrum is shown in instrument dependent
countss~tkeV~1.
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Fig. 5.— Flux in the 2-10 keV band (triangles)
and of the 6.4 keV Fe Ka line (circles) measured
by BeppoSAX (1999 and 2000), Chandra (2001),
and XMM-Newton (2002). The underlying contin-
uum is highly variable, while the line flux shows
no significant variation.




